INTRODUCTION
============

Determination of shear bond strength of denture teeth inserted into acrylic resin bases is an issue of crucial importance as most of the detachment phenomena of artificial teeth from their resin bases under functional loads occur because stresses at the tooth-base interface exceed shear bond strength. A number of studies have been reported in the literature on this important aspect \[[@R1]\]. Most of them analyzed the shear bond strength of artificial teeth and resin bases with similar chemical-physical properties. It was found that pre-treating interfacial surfaces with dichloromethane \[[@R2],[@R3]\] or bonding \[[@R3],[@R4]\] or using heat-cured acrylic resins \[[@R4]-[@R7]\],

increases the bond strength of artificial resin teeth put on acrylic resin bases \[[@R8]-[@R13]\]. Effects of polymerization techniques \[[@R14],[@R15]\], chemicals \[[@R16]\], surface conditioning methods and thermocycling \[[@R17]-[@R19]\] and surface treatments \[[@R20]-[@R24]\] on bond strength were also investigated. A comprehensive review of the best strategies to be adopted for maximizing shear bond strength at the tooth-base interface has recently been published \[[@R25]\]. Correlations between the follow-up of removable dentures and the level of roughness of prostheses surfaces also were investigated \[[@R26],[@R27]\].

Other studies reported in the literature analyzed bond strength of ceramic denture teeth and resin bases \[[@R28]-[@R35]\]. Practical methods for chairside repair of debonded porcelain denture teeth were also proposed \[[@R36]\]. Artificial porcelain teeth do not have any chemical bond with acrylic resin, and retention between teeth and resin relies only on mechanical forces. In general, mechanical retention between artificial teeth and resin may be stronger as the configuration of interfacial surfaces becomes more complex. For example, posterior teeth may present one or more holes on their surface where soft resin penetrates during polymerization. Anterior teeth may instead include one or more metallic pins to be incorporated into the resin. Barpal *et al.* \[[@R28]\] found that the bond strength of ceramic anterior teeth and resin bases is comparable to that of resin anterior teeth and denture bases. Inclusion of metallic pins into ceramic teeth allowed mechanical retention to be significantly improved so that the resulting shear bond strength became comparable with that obtained via chemical bonding.

Suliman *et al.* \[[@R30]\] investigated how shear bond strength between ceramic teeth and acrylic resin cylinders depends on the treatment of interfacial surfaces: in particular, they analyzed etching with hydrofluoric acid, sandblasting with alumina sand, roughening with diamond burs, application of various bonding agents. It was found that the use of silane agents improves bond strength, however, such techniques are often too sophisticate, difficult to be implemented and yet not standardized. Lacy *et al.* \[[@R31]\] prepared specimens with ceramic teeth roughened by diamond burs and etched with hydrofluoric acid and silane. It was found that specimens roughened with diamond burs reach a high bond strength; however, the treatment may produce micro-fractures on ceramic surfaces, which can cause seepage of liquids in the interface between artificial teeth and resin base, then resulting in the detachment of the element.

The aim of the present study is to compare the shear bond strength of different resin bases and artificial teeth made of ceramic or resin materials; tooth-base interface may be treated with aluminium oxide sandblasting or not. Experimental tests were carried out on 80 specimens to investigate if and at what extent shear bond strength is affected by the following factors: (i) artificial tooth material (i.e. ceramic vs. resin); (ii) base material (i.e. self-curing resin vs. thermal-curing resin); (iii) presence or absence of aluminium oxide sandblasting treatment on the tooth surface in contact with the base. Statistical analyses with three-way ANOVA and Tukey post-hoc test were performed to interpret experimental results.

MATERIALS AND METHODS
=====================

Preparation of Samples
----------------------

Resin bases were moulded into solids of cylindrical shape, 30 mm high and with a diameter of 25 mm (Fig. **[1](#F1){ref-type="fig"}**). A total of 80 samples were prepared: 40 with ceramic teeth and 40 with acrylic resin teeth. Eight groups, each of which included ten specimens, were then created and classified as follows:

Group A with specimens realized with ceramic teeth and self-curing resin bases;

Group B with specimens realized with ceramic teeth treated with aluminium oxide sandblasting and self-curing resin bases;

Group C with specimens realized with ceramic teeth and thermal-curing resin bases treated with pressure injection moulding;

Group D with specimens realized with ceramic teeth treated with aluminium oxide sandblasting and thermal-curing resin bases treated with pressure injection moulding;

Groups E, F, G and H with specimens treated as for Groups A, B, C and D, respectively, but including acrylic resin teeth.

Second lower molar prosthetic teeth were utilized in the experimental tests: Condyloform CT porcelain (Candulor, Zurich, Switzerland) type for ceramic teeth and Bonartic TCR (Candulor, Zurich, Switzerland) type for resin teeth, respectively.

Specimens submitted to sandblasting treatment (Groups B, D, F and H) were positioned in the sandblaster: the sandblasting operation was performed with 50 ìm diameter aluminium sand for 15 seconds. All samples were finished with a tungsten bur and gross and fine-grained rubber finishing tips; contact between burs and artificial teeth was carefully avoided. After finishing off processes, all samples were positioned in hermetically closed boxes filled with physiological solution. Boxes were kept away from any heat and light sources to avoid any kind of physical and mechanical stress.

The master model of the cylindrical resin bases was realized with modelling wax. A silicone duplication tray (Z Labor, Zhermack SpA, Badia Polesine (Rovigo), Italy) was then realized to fabricate cylindrical specimens with the same dimensions as the master. Wax samples were randomly divided among the above described eight groups and the moulding procedure of the resin for the bases was then carried out.

The wax models utilised to fabricate the bases made of self-curing resin were put in common lab muffles after having been positioned in soft plaster for models; once the plaster hardened, the insulator Iso K (Candulor, Zurich, Switzerland) was applied and the half superior part of the muffle was positioned without the lid; at this point, the muffle was filled with additional amounts of plaster and its lid was closed. The muffle was then put for a few minutes into water at 65°C (i.e. the melting point of the wax utilized in this study).

The muffle was then taken out of the hot water and opened. The residual unmelted wax was removed with steam \[[@R37]\]. A thin layer of insulator iso K was applied in the muffle and the resin was then cast \[[@R38]\]. The resin utilized was "Aesthetic Autopolymerisat" (Candulor, Zurich, Switzerland) resin, in the amounts recommended by the manufacturer (20.5 g of polymer and 10 ml of monomer). The resin was cast in the muffle positioned in a self-blocking stirrup. The stirrup and the muffle were put in a pressure cooker at 40°C temperature and 2 bar pressure to accelerate the polymerization process. After polymerization took place, samples were removed from the muffles and manually finished off by the same operator.

In the case of samples prepared with thermal-curing resin bases, the Sr-Ivocap System with the SR Ivocap Ivoclar Vivadent resin (*Ivoclar-Vivadent, Schaan, Liechtenstein*) was utilized following the instructions given by the manufacturer. After positioning the special space keeper into the muffles, some III class plaster was poured and samples were then put inside it removing plaster in excess. The space keeper was replaced with the thermal container of the capsule and the funnel feeding the injection channels. The surface of the lower half muffle (mould) was coated with the "Separating fluid" (*Ivoclar-Vivadent, Schaan, Liechtenstein*) insulator, then the upper half muffle was placed on it. The III class plaster was mixed and poured over teeth, thus avoiding the formation of bubbles. The muffle was then filled to the brim, the cover was put on and completely pressed down by hand. After the plaster had set, the muffle was plunged into hot water (65°C) for more than five minutes. The muffle was opened and the remaining wax was eliminated with steam.

Two layers of insulator "Separating fluid" were applied on the surface of the plaster and the capsule of resin was prepared. To this purpose, the "Cap Vibrator" system was utilized to mix the capsule for five minutes. After this operation, the resin formed a ball. After joining the two half-muffles together, they were inserted in the stirrup until the stop. Then, a pressure of 80 bar was applied with a hydraulic press. After removing the muffle and having connected it with the stirrup, the cartridge of resin was inserted. At this point the special injector was positioned and activated. After 5 minutes, the injector, still working, and the muffle were moved to the polymerization tub. Here, at a temperature of 100°C, resin polymerization occurred after 35 minutes \[[@R38]\]. After polymerization occurred, the muffle and the injector were put in cold water for 30 minutes (the first 10 minutes were kept under pressure).

The SR Ivocap injector was therefore active during both polymerization and cooling off phases (even though for 10 minutes), because during the abovementioned phases resin is subject to retraction and other fluid resin is pushed into mould \[[@R38]\]. After polymerization the samples were taken out and finished off.

Experimental Analyses
---------------------

The shear bond strength is a good indicator of the quality of the bond between two different materials. Stronger bond implies higher shear strength which in turns implies higher interfacial shear stress bearing capability. Different methodologies can be utilized to measure the shear bond strength, that include, for example, micro-tensile \[[@R19],[@R39]\], micro push-out \[[@R40]\] and pull-out tests \[[@R41]\].

In this study, an *ad hoc* metallic frame was designed and realized (Fig. **[2](#F2){ref-type="fig"}**) to measure shear strength. Tests were performed with a Universal Testing Machine Instron 4485 equipped with a 100 kN load cell. The frame includes two components fixed to the upper and bottom grips, respectively. The latter serves to keep in position the cylindrical base with the artificial tooth attached to it while the former has a shearing device that during the test moves at a constant speed towards the inferior grip (Fig. **[2a](#F2){ref-type="fig"}**). In order to make parasitic bending effects negligible, special care was taken in minimizing the distance δ (Fig. **[2a](#F2){ref-type="fig"}**) between the shearing device and the flat surface of the resin base. The crosshead speed was set equal to 5 mm/min and force-displacement curves of the shearing device (Fig. **[2b](#F2){ref-type="fig"}**) were recorded at a frequency of 10 Hz. Each test continued until detachment of the artificial tooth occurred. The corresponding shear strength (*SS*) was computed as the ratio between the value of the load *L~f~* acting on the sample (that produces the slippage of the tooth on the resin base) immediately before the failure (see, for example, Fig. (**[2b](#F2){ref-type="fig"}**) where *L~f~* for the sample 9 is circled in red) and the area *A~t~* of the transverse section of the artificial tooth:

$$\mathit{SS} = \frac{L_{f}}{A_{t}}$$

By expressing the load in N and the area of the tooth section in mm^2^, the shear bond strength can be expressed in MPa.

Experimental tests were carried out in an acclimatized environment at constant temperature of 23°C and 50% humidity. Specimens were all tested in the same day.

Identification of the Factors Affecting Shear Bond Strength: Statistical Analysis
---------------------------------------------------------------------------------

The shear tests conducted in the experimental campaign were aimed at assessing, by means of three-way ANalysis Of VAriance (ANOVA), the factors that may affect shear bond strength of artificial teeth on resin bases. A complete factorial plan was designed with respect to the following three factors: (i) artificial tooth material (i.e. ceramic vs. resin); (ii) resin base material (i.e. self-curing vs. thermally cured resins); (iii) presence or absence of aluminium oxide sandblasting treatment at the tooth-base interface. The null hypothesis H~o~ was that factors (i), (ii) and (iii) do not affect shear strength. H~o~ was assumed to hold true for p-values≥0.05 (i.e. 95% confidence interval). Two levels were set for each factor. In particular, for factor (i): artificial teeth made of resin or ceramic; for factor (ii): bases made of self-curing resin or thermal-curing resin treated with pressure injection moulding; for factor (iii): with or without aluminium oxide sandblasting treatment. The factors forming the factorial plan and their corresponding levels are summarized in Fig. (**[3](#F3){ref-type="fig"}**). A total of 80 experimental tests, 2 (base material) × 2 (tooth material) × 2 (with or without sandblasting) × 10 (repetitions), were conducted as each experiment corresponding to a particular combination of factors and levels was repeated ten times.

The number of samples (i.e. sample size=10) tested for each group was computed with the "Sample Size for Estimation" module available in the Minitab^®^ Version 17 software utilized in this study for statistical analysis. By choosing as parameter of interest the mean that was hypothesized to follow a normal distribution and by assuming a 5 MPa standard deviation of experimental data, a confidence level of 95% and a two-sided confidence interval, the sample size was computed as 10. This value is comparable (or even larger) with those adopted by other authors in similar studies reported in the literature \[[@R30],[@R31],[@R33]\].

A non-parametric test (analysis of variance on ranks with Tukey post-hoc test) was finally performed in order to assess the level of correlation between shear bond strength values measured: (a) with or without sandblasting; (b) with bases made of self-curing or thermal-curing resins; (c) with artificial teeth made of ceramic or resin.

RESULTS AND DISCUSSION
======================

In this study, a loading frame was designed and realized to measure the shear bond strength between artificial teeth and acrylic resin bases. The relative performance of eight dental repairs including various combinations of tooth and base materials and tooth-base interface treatments was analyzed on a statistical basis. The three-way ANOVA carried out on the data gathered in the experimental tests reveals that tooth material, resin base type and the presence/absence of sandblasting treatment all affect significantly the shear bond strength at the tooth-base interface. This is confirmed by Table **[1](#T1){ref-type="table"}**: the p-value is in fact 0.000 for all of the three above mentioned factors. The measured shear strength tests is higher for resin teeth (with respect to ceramic teeth), for thermal-curing resin bases (with respect to self-curing resin bases) and in presence of aluminium oxide sandblasting treatment (see Fig. **[4](#F4){ref-type="fig"}**), respectively. For each groups of samples, the median value, first and third quartiles, minimum and maximum values of measured shear strength are indicated according to the nomenclature shown in the upper part of the figure.

Table **[2](#T2){ref-type="table"}** lists the average strength values measured in the experimental tests and the corresponding standard deviations (computed over the 10 repetitions of each experiment) for each group of specimens. The average values of shear strength determined for each factor are shown in the main effects plot of Fig. (**[5](#F5){ref-type="fig"}**) where the dashed horizontal line corresponds to the average strength obtained for the whole set of 80 specimens. For example, the value of shear strength reported in diagram A for the "ceramic" teeth is the average strength value measured for all samples including artificial teeth made of ceramic. Similarly, the strength value reported in diagram C for the "sandblasting treatment present" was averaged for all samples including a tooth-base interface treated with aluminum oxide sandblasting. Similar interpretations can be made for all data shown in Fig. (**[5](#F5){ref-type="fig"}**).

The Tukey post-hoc test revealed that statistically significant differences exist in shear strength values measured in all cases: (i) teeth made of ceramic or resin; (ii) bases made of self-curing or thermal-curing resin; (iii) teeth treated with aluminium oxide sandblasting or not (Fig. **[6](#F6){ref-type="fig"}**). The resulting p-value always was 0.000.

As mentioned above, bond shear strength significantly depends on the chosen combination of tooth material, base material and sandblasting treatment. In particular, the average shear strength of the 40 samples submitted to sandblasting was 82.7% higher than the average strength measured for the untreated specimens (i.e. 14.279 vs. 7.817 MPa). This is because sandblasting allows the surface of the tooth in contact with the resin base to be enlarged thus improving the adhesion between the two surfaces. A further proof of the efficiency of the sandblasting treatment is that the Tukey post-hoc test (Fig. **[6](#F6){ref-type="fig"}**) reveals that statistically significant differences exist between treated and untreated specimens.

The fabrication technique utilized for the resin bases affects shear strength less significantly than the sandblasting treatment. In particular, in the case of thermal-curing resins treated with pressure injection moulding, the average bond strength became 64.3% higher than its counterpart measured for specimens including self-curing resin bases (i.e. 13.735 vs. 8.361 MPa). The observed differences again were statistically very significant (see the results of the Tukey post-hoc shown in Fig. **[6](#F6){ref-type="fig"}**). Such a behaviour occurs because the thermal-curing resin treated with pressure injection moulding can penetrate more deeply in the tooth micro-cavities thus allowing the resin to adapt itself to the dental surface \[[@R42]\]. Tooth retention may further be improved with the sandblasting pre-treatment which increases the number of micro-cavities that can be occupied by the resin. Remarkably, the thermal-curing resin has a very low polymerization retraction coefficient: this does not interfere with the different thermal expansion of ceramic teeth thus producing no residual stresses at the tooth-base interface.

The selection of tooth material (ceramic vs. acrylic resin) affects bond shear strength more significantly than the fabrication process chosen for the resin bases but less significantly than the use of sandblasting treatment. In particular, the average value of *SS* measured for teeth made of acrylic resin was 70.5% higher than that found for ceramic teeth (i.e. 13.926 vs. 8.170 MPa). Experimental data were found to be statistically different by performing the Tukey post-hoc test (see Fig. **[6](#F6){ref-type="fig"}**). The lower performance of specimens including ceramic teeth can be explained with the lack of chemical bonding between ceramic and resin components \[[@R43]\]. Different studies \[[@R30],[@R31]\] investigated on how to create a hybrid transition layer between ceramic and resin thus allowing a chemical bond between the two materials to be generated; however, these methods entail sophisticate procedures and the utilization of materials like primer, bonding and silane. Since these materials were not originally conceived for dental applications but only for orthodontic scopes, the protocols for their use are not standardized and remain empirical and untested by manufacturers.

The factorial plan set in this study is rather comprehensive although the present investigation has some limitations. In particular, values of shear bond strength were measured *in-vitro* hence not accounting for the effects of saliva, acids, residues of food and other substances present in the oral cavity. Furthermore, mastication is a dynamic process and the adhesion behaviour at the tooth-base interface should be characterized in terms of fatigue. Bond strength values measured *in vitro* in this study actually are an over-estimate of the real values that would be measured *in vivo*. However, in spite of the care taken in minimizing the distance δ between the shearing device and the flat surface of the resin base (Fig. **[2a](#F2){ref-type="fig"}**), the parasitic effects of the bending moment did not remain null. This somehow made the *in vitro* results closer to the real scenario as parasitic bending reduces the shear strength. All of the above mentioned issues will be the subject of future investigations. However, the very large and statistically significant differences observed in the experimental data gathered for the tested combinations of tooth/resin base materials and specimen preparation suggest that the relative behaviour of the eight groups of samples considered in this study should not change significantly if tests were conducted *in vivo*.

Another concern may be on the crosshead speed adopted in the experiments. According to literature \[[@R30],[@R31]\], a rather low value of 5 mm/min was chosen in order to minimize the possible visco-elastic effects that could have been involved in the mechanical response of tested samples. Ideally, the crosshead speed should tend towards zero so that specimens can be tested in "static" conditions. However, the values of shear strength measured experimentally were also consistent with data reported in the literature for lower crosshead speeds \[[@R33]\].

As far as it concerns sample preparation, sandblasting was performed with 50 ìm aluminium sand for 15 seconds. Different protocols for the sandblasting treatment are documented in literature \[[@R44]\]. It would be interesting to study the sensitivity of the shear bond strength to the different process parameters involved in the sandblasting treatment (e.g. exposure time, dimension of the sand etc) for the specific materials analyzed in this study. For example, recently published results \[[@R45]\] show that no statistically significant differences exist between values of *SS* measured on samples (yet prepared with materials different from those utilized in this study) submitted to sandblasting treatment for different time intervals. Another limitation is that the effect of the artificial ageing treatment was not analysed. This aspect will be the object of future investigations.

Amongst the different methodologies utilized to determine the bond strength between two materials, the micro-tensile test \[[@R19]\] has a prominent place. Interestingly, the shear bond strength values measured in this study were of the same order of magnitude of tensile bond strength values reported in \[[@R19]\]. The implementation of finite element models simulating the boundary and loading conditions acting in each specific test may help to better understand how the mechanical response of the tested samples changes under different testing conditions. Similar approaches were successfully adopted in previous studies \[[@R40],[@R46]-[@R49]\].

CONCLUSION
==========

1.  The shear bond strength at the tooth-base interface significantly depends on the following factors: (i) tooth material; (ii) base material; (iii) sandblasting treatment.

2.  Statistically significant differences (p-value=0.000) exist between shear bond strength values measured for teeth made of different materials (ceramic vs. acrylic resin), bases made of self-curing or thermal-curing resin, teeth treated with aluminium oxide sandblasting or not.

3.  The highest values of shear bond strength were found in the case of teeth made of acrylic resin, bases made of thermal-curing resin (treated with pressure injection moulding) and teeth submitted to aluminium sandblasting.

4.  Sandblasting allows shear strength to be increased on average by 82.7% with respect to untreated specimens.

5.  Utilizing acrylic resin teeth allows shear strength to be increased on average by 70.4% with respect to specimens including ceramic teeth.

6.  Utilizing thermal-curing resins in conjunction with pressure injection moulding allows shear strength to be increased on average by 64.3% with respect to specimens including self-curing resin bases.

7.  Within the limitations entailed by this investigation, the comprehensive factorial plan developed in the research has provided further evidence on how shear bond strength of prosthetic teeth may vary during normal working conditions of the prosthesis.
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![(a) Details of a single specimen tested in the study; (b) samples of Group A. The main dimensions of tested samples are indicated in the figure.](TODENTJ-8-241_F1){#F1}

![Schematic (a) of the loading frame utilized to determine the shear bond strength at the tooth-base interface; (b) Force-displacement curves recorded for Group A samples.](TODENTJ-8-241_F2){#F2}

![Complete factorial plan designed to identify factors that have a statistically significant influence on the shear bond strength at the tooth-base interface.](TODENTJ-8-241_F3){#F3}

![Boxplot of shear bond strength values determined for the different groups of tested samples and detail illustrating median value, first and third quartiles, minimum and maximum values measured in the experiments.](TODENTJ-8-241_F4){#F4}

![Main effects plot of shear bond strength values averaged over experiments carried out with respect to different toot/resin base materials and sample preparation protocols.](TODENTJ-8-241_F5){#F5}

![Interval plots for differences of means of experimental data gathered for samples including acrylic resin or ceramic teeth, thermalcuring or self-curing base resin, treated or not with aluminium oxide sandblasting. If the difference interval does not contain zero, the corresponding means are significantly different.](TODENTJ-8-241_F6){#F6}

###### 

Three-way ANOVA of shear bond strength experimental data.

  Source           df   SS       MS       F-value   P-value
  ---------------- ---- -------- -------- --------- ---------
  Tooth material   1    662.6    662.58   19.64     0.000
  Base material    1    577.6    577.61   17.12     0.000
  Sandblasting     1    835.1    835.09   24.76     0.000
  Error            76   2563.5   33.73               
  Lack-of-fit      4    247.5    61.88    1.92      0.116
  Pure error       72   2316.0   32.17               
  Total            79   4638.8                       

SS= Sum of squares; MS= Mean of squares

###### 

Average shear bond strength values and corresponding standard deviations measured for each of the investigated groups.

                               Group A   Group B   Group C   Group D   Group E   Group F   Group G   Group H
  ---------------------------- --------- --------- --------- --------- --------- --------- --------- ---------
  Average \[MPa\]              4.624     5.976     7.399     14.682    8.393     14.452    10.852    22.007
  Standard Deviation \[MPa\]   1.492     1.970     2.019     3.277     4.200     6.724     7.538     10.804
